ATP sulfurylase activity was partially purified from the swollen hypocotyl of beetroot (Beta vulgaris); activity was measured by sulfate-dependent PPi-ATP exchange. The ATP sulfurylase activity was separated from pyrophosphatase and ATPase activities which interfere with the assay of ATP sulfurylase activity. The ATP sulfurylase activity from hypocotyl tissue was invariably resolved into two approximately equal activities (hypocotyls I and II) by ion exchange chromatography and polyacrylamide gradient gel electrophoresis. Both enzymes catalyzed selenate-and sulfate-dependent PPi-ATP exchange; the affinity of hypocotyl II for these substrates was greater than for hypocotyl I. It is unlikely that the two activities arise by allelic variation or as an artifact of purification; they are most probably isoenzymes. Studies of the subcellular localization of the two hypocotyl enzymes were inconclusive.
In plants, fungi, and the assimilatory sulfate-reducing bacteria, sulfate is the principal form of sulfur required for growth (24) . In yeast, it is well established that sulfate is activated by ATP (24) . In animals, PAPS is used to form a wide range of sulfate esters in reactions catalyzed by the sulfotransferases (24) . ATP sulfurylase activity has been demonstrated in a wide range of plants (1, 2, 14) . The activated form of sulfate reduced by plants, however, is uncertain. In several studies APS kinase activity could not be demonstrated (5, 6, 14) , and this has led to the suggestion that APS might be the activated form of sulfate (6, 14) , as has been described for the dissimilatory sulfate-reducing bacteria (22) . APS kinase activity has been described in Chlorella (16) , but Tsang et al. (29) and Schmidt (25) have determined that APS is the activated form of sulfate for reduction in this organism. APS kinase activity has been reported in higher plants (7, 20) ; the enzyme from spinach only catalyzed the synthesis of PAPS in the presence of 3'-AMP (7) . Since the incorporation of sulfate into cysteine/ cystine by isolated chloroplasts was almost entirely dependent on the addition of 3'-AMP, Burnell and Anderson (7) suggested that PAPS is an intermediate in sulfate reduction in spinach.
The ATP sulfurylase from spinach leaf tissue has been highly purified (6, 27) ; the enzyme catalyzes APS-dependent synthesis of ATP (6) , sulfate-and selenate-dependent PPi-ATP exchange and the synthesis of APS when coupled with Mg2+-dependent alkaline pyrophosphatase (27) . In leaf tissue, ATP sulfurylase and other enzymes associated with sulfate activation have been described in chloroplasts (5) (6) (7) (8) .
It is well established that nonphotosynthetic tissues contain ATP sulfurylase activity (2, 14) and incorporate sulfate into compounds containing sulfur in the -2 valency state (13, 18, 21 This paper describes a comparative study of the ATP sulfurylases from the leaf and swollen hypocotyl tissues of the beetroot plant (Beta vulgaris), a plant which has previously been demonstrated to carry out nonphotosynthetic reduction of sulfate in hypocotyl tissue (13) . Leaf tissue contains one major ATP sulfurylase, but hypocotyl tissue contains two enzymes of approximately equal activity. One of the hypocotyl enzymes was indistinguishable from the leaf enzyme.
MATERIALS AND METHODS Chemicals and Enzymes. Chemicals were obtained from the sources described previously (26, 27) . In addition, bovine serum albumin was obtained from the Commonwealth Serum Laboratories, Parkville, Vic., Australia and polyacrylamide slab gels (7.2 X 7.2 x 0.3 cm) containing 5 to 20% polyacrylamide gradient were obtained from Gradient Pty. Ltd., Lane Cove, N.S.W., Australia. 9PPi was prepared from 'Pi by pyrolysis (17) , and the specific radioactivity was adjusted to 0.25 c/mole with unlabeled Na4P2O7.
Mg2'-dependent alkaline pyrophosphatase was purified from spinach as described by Shaw and Anderson (27) ; the activity of purified enzyme was 60 units/ml, the definition of an enzyme unit described by Shaw and Anderson (27) Anderson (27) ; this treatment effected a 4-fold concentration of activity. All operations were conducted at 2 to 4 C.
Extraction and Purification of the Leaf ATP Sulfurylase.
Crude extracts were prepared as described for hypocotyl tissue except that the volume of medium 1 used to extract the leaf enzyme was increased to 2 ml/g fresh weight. The crude extract was not concentrated by precipitation with (NHj4)20, (26) but was omitted from assays of enzyme preparations which were known to be uncontaminated with pyrophosphatase activity. Control incubation mixtures contained 120 ,rmoles of KCI in lieu of K2S04 to maintain the ionic strength. Reactions were terminated with 2 ml of trichloroacetic acid (7.5%, w/v). 32P-ATP was separated from 32PPi as described by Anderson (4) and counted in a gas flow planchet counter at infinite thickness. Enzyme activity was calculated by the method of Davie et al. (12) and is expressed as sulfate-dependent PPi-ATP exchange in nmoles/min (ATP sulfurylase units); specific activity is expressed as units/mg of protein.
Polyacrylamide Gradient Gel Electrophoresis of the ATP Sulfurylases. The method was essentially that of Skyring et al. (28) ; ATP sulfurylase activity on the gels was detected by the molybdate-dependent formation of Pi (31) . Electrophoresis was performed in tris-glycine buffer (30 mm with respect to glycine), pH 8.2, at 4 C and 150 v; the gels were prerun for 25 min prior to applying the sample. ATP sulfurylase samples, adjusted to 5% (w/v) sucrose and containing not less than 0.15 unit of activity, were applied to the gels in a volume not exceeding 35,ul. The samples were subjected to electrophoresis for either 3 or 15 hr; the amperage generally decreased from 15 to 8 mA during electrophoresis.
Following electrophoresis, the gels were sliced in two, parallel to their face. One half was incubated at 35 C for 30 min in a complete mixture (with molybdate) containing 5 mM Na2K2ATP; 20 mm MgCl2; 10 mm Na2MoO4; 100 mM trisHCl buffer, pH 8.0; and purified spinach pyrophosphatase (final concentration 6 units/ml) in a total volume of 20 ml. The gels were washed with distilled water, and Pi produced by the action of ATP sulfurylase (and ATPase if present) was detected by the method of Allen (3); gels were placed in 20 ml of HCl04 (6%, w/v), and 4 ml of amidol reagent and 2 ml of 6 .6% (w/v) ammonium molybdate were added in that order.
After 10 min the treated gels were transferred to distilled water and photographed. The other half of the gel was treated identically except that molybdate was omitted from the incubation mixture. The formation of any Pi in gels incubated without molybdate was assumed to be due to ATPase activity.
Determination of Protein. Protein in crude extracts and (NH4)2SO4 fractions was determined by the method of Ellman (15) using bovine serum albumin as standard. Purer protein from Sephadex G-200 and DEAE-cellulose columns was measured by the method of Warburg and Christian (30) .
RESULTS
Optimal Conditions for the Extraction and Assay of ATP Sulfurylase from Hypocotyl tissue. The ATP sulfurylase activity of concentrated crude extracts prepared without thioglycolate was extremely low. The activity recovered in concentrated crude extracts was increased when thioglycolate was included in the extracting medium (Fig. 2 ). Higher concentrations of thioglycolate were inhibitory.
In preliminary studies with concentrated crude extract, KCI was omitted from the control incubations. Under these conditions, PPi-ATP exchange was frequently greater in the controls than in incubations containing sulfate. The endogenous exchange was not decreased by dialysis. Addition of KCl (equivalent in ionic strength to the substrate concentration of K2S04) to control incubations decreased endogenous PPi-ATP exchange (Fig. 3) . Accordingly, 120 mm KCI was included in all subsequent assays of crude extracts and (NH4)2SO4 fractions.
Purification of the ATP Sulfurylases from Beetroot Hypocotyl and Leaf Tissue. The estimation of ATP sulfurylase by sulfate-dependent PPi-ATP exchange is subject to interference by pyrophosphatase and ATPase activities (26, 27) . Concentrated crude extracts of beetroot hypocotyl tissue contain pyrophosphatase and ATPase activities (Table I) The purification procedure for the beetroot leaf ATP sulfurylase, which was essentially the same as the procedure used to effect a 1000-fold purification of the spinach leaf enzyme (27) , removed the pyrophosphatase activity but effected only a 6-fold increase in specific activity of the beetroot ATP sulfurylase (Table II) . In all experiments essentially one peak of activity was eluted from the DEAE-cellulose column (Fig. 1) catalyzed by purified hypocotyl I, hypocotyl II and leaf ATP sulfurylases were constant at 35 C for at least 15 min. The pH optimum of the leaf and hypocotyl II enzymes was 8 although the optimum for the leaf enzyme was relatively broad (Fig. 4) . The pH optimum of the hypocotyl I enzyme was 9. All three enzymes were virtually inactive below pH 5.5; the low activity of the two hypocotyl enzymes below this pH was presumably due to enzyme denaturation since these enzymes were inactive at pH 8.0 if pretreated at pH 5.5.
Spinach leaf enzyme catalyzes both selenate-and sulfatedependent PPi-ATP exchange (27) (Fig. 6) ; the resolution of hypocotyl I and II activities at 15 hr was less than at 3 hr, suggesting that although the two E enzymes differed significantly in charge at pH 8 (Table III) . Polyacrylamide Gradient Gel Electrophoresis of the Beetroot ATP Sulfurylases. Electrophoresis was performed for either 3 or 15 hr. The rate of migration of each enzyme was constant for 4 hr, indicating that the polyacrylamide gradient had no effect on electrophoretic mobility during this time. After 4 hr the rate of migration decreased; by 15 hr the enzymes ceased to migrate any further into the gel.
In 3-hr experiments, purified leaf and hypocotyl II enzymes migrated at the same rate; purified hypocotyl I enzyme migrated at a slower rate (Fig. 5) . The separation of a mixture of purified hypocotyl I and hypocotyl II enzymes was greatest after 3 to 4 hr of electrophoresis. In 15-hr experiments the leaf and hypocotyl II enzymes compacted into the gel at higher DISCUSSION Studies of the hypocotyl ATP sulfurylases in crude extracts were complicated by the very low activity of the tissue, inactivation of the enzymes during extraction, pyrophosphatase and ATPase activities, and very high endogenous PPi-ATP exchange. Inactivation of the enzyme was minimized by including 10 mm thioglycolate in the extracting medium (Fig. 2) . Pyrophosphatase was inhibited by 10 mM NaF. Since endogenous PPi-ATP exchange was inhibited by ionic strength (Fig.  3) , thereby causing an apparent K,S04-dependent inhibition of endogenous exchange in some experiments, KCI of equivalent ionic strength to the substrate level of KSSO, was always added to control incubations when monitoring for ATP sulfurylase activity. The effect of ATPase on sulfate-dependent PPi-ATP exchange was minimized by using dilute extracts of enzyme; under these conditions, hydrolysis of ATP by ATPase was insufficient to cause a significant decrease in sulfate-dependent PPi-ATP exchange.
Purification only effected a 15-to 25-fold increase in specific activity of the hypocotyl ATP sulfurylases. The more important aspect of purification, however, was the separation of ATP sulfurylase from enzymes which interfered with the assay of ATP sulfurylase activity. Purified ATP sulfurylase was uncontaminated with pyrophosphatase and ATPase activities, and the endogenous PPi-ATP exchange of purified enzyme was negligible (Table I) . Similar remarks also apply to the leaf enzyme (Table II) . Generally speaking, the properties of the three beetroot ATP sulfurylases were similar to each other and to the enzymes described in spinach leaf (27) There are, however, several quantitative properties of the beetroot hypocotyl I enzyme which distinguish it from the other two beetroot enzymes. The most obvious of these differences was a difference in charge which permitted separation of the hypocotyl enzymes by ion exchange chromatography on DEAE-cellulose columns at pH 8.0 (Fig. 1) and by electrophoresis at pH 8.2 (Figs. 5 and 6 ). The hypocotyl I enzyme also had a lower affinity for sulfate and selenate (Table III) and a slightly higher pH optimum than the leaf and hypocotyl II enzymes (Fig. 4) . The differences in molecular weight of the three enzymes was small; the enzymes were retarded but not separated by gel fitration on Sephadex G-200 columns but were resolved by electrophoresis for 15 hr on a polyacrylamide gel gradient. The leaf and hypocotyl II enzymes, on the other hand, were indistinguishable by electrophoresis at 3 or 15 hr, ion exchange chromatography, or their kinetic properties.
Hypocotyl tissue invariably contained hypocotyl I and hypocotyl II enzymes in approximately equal proportions; this rules out the possibility of allelic variation. Several lines of evidence suggest that it is unlikely that the two hypocotyl enzymes arise as an artifact. Firstly, the two activities were resolved in approximately equal amounts irrespective of whether the extracts were purified and irrespective of the method of purification. Secondly, the differences in molecular weight of the two hypocotyl enzymes is barely significant, but the molecular weight of both enzymes is in excess of 200,000. Thirdly, hypocotyl II enzyme was indistinguishable from the leaf enzyme. While we cannot exclude the possibility that leaf tissue contains an additional ATP sulfurylase (a small amount of ATP sulfurylase was eluted prior to the major leaf ATP sulfurylase on DEAE-cellulose columns), this activity was never greater than 2% of the major leaf enzyme. We conclude that the multiple forms of ATP sulfurylase in hypocotyl tissue are most probably isoenzymes.
In leaf tissue, sulfate reduction and the enzymes of the sulfate reduction pathway (including ATP sulfurylase) are associated with chloroplasts (6, 7, 24) . Presumably the ATP sulfurylase of beetroot leaf tissue is a chloroplastic enzyme. We are unable to comment on the subcellular localization of the two hypocotyl enzymes, but the similarity of the leaf and hypocotyl II enzymes warrents a thorough study of the plastids of the nonphotosynthetic hypocotyl tissue for ATP sulfurylase activity. The studies on the association of the hypocotyl enzymes with mitochondria were inconclusive, especially since the differential centrifugation technique used to prepare the mitochondria does not adequately resolve the large number of subcellular particles of size and density similar to mitochondria which occur in nonphotosynthetic tissue. It is impossible to attribute a physiological role to the two enzymes until their subcellular localization has been clearly established; in view of the problems in extracting subcellular organelles purified ATP sulfurylases from beetroot. Electrophoresis was conducted for 15 hr and ATP sulfurylase activity was detected as described in Fig. 5 . At 15 hr the enzymes ceased to migrate any further into the gradient. L: leaf enzymes; HI: hypocotyl I enzyme: HII: hypocotyl H enzyme.
PAYNTER AN from beetroot hypocotyl, it would seem prudent to choose another nonphotosynthetic tissue to pursue this problem.
Nitrite, like sulfate, is reduced by both photosynthetic and nonphotosynthetic tissues. Dalling et al. (10) reported that photosynthetic tissue contains a single nitrite reductase which is associated with chloroplasts. Nonphotosynthetic tissue, on the other hand, contains two nitrite reductase activities; one of these enzymes was indistinguishable from the leaf enzyme (9) . Both of the nonphotosynthetic activities were associated with proplastids (11) . While the subcellular distribution of the two ATP sulfurylases of beetroot hypocotyl in uncertain, there is a striking similarity in the distribution of isoenzymes of ATP sulfurylase and nitrite reductase in photosynthetic and nonphotosynthetic tissue.
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